
EDITORIALS

Frequent Radiation Exposures
and Frequency-Dependent
Effects: The Eyes Have It

Research into the health effects of radiofrequency radiation
(RFR) has lagged the rapid growth in use of communication tech-
nologies based on this part of the electromagnetic spectrum.1–3

Existing safety standards are intended to provide protection from
thermal effects, such as burns and cataracts, which are associated
with acute, high-dose exposures.1,2 Such exposures are uncommon in
the general population, in contrast to the chronic, low dose-rate
exposures experienced by a large and growing segment of the public,
namely, users of cellular (mobile) telephones. Whether there are any
health risks associated with non-thermal, low dose-rate exposures,
apart from interference with medical devices,4 is unknown. Given
the pervasiveness of cell phone use, even small health risks would be
of considerable public health importance. Of all of the hypothesized
adverse effects of RFR, cancer has elicited the greatest concern.
Interest has centered on tumors of the brain and nervous system and
hematopoietic and lymphatic tissue.2,3,5–7 The paper by Stang and
colleagues8 in this issue is unusual in its focus on uveal (intraocular)
melanoma, the most common type of eye cancer among adults.9 The
authors report elevated relative risk estimates associated with a
history of employment in occupations involving use of selected RFR
transmitting devices, including cellular telephones and portable,
two-way radios. Of interest here is the strength of the evidence that
the association is causal.

Radiofrequency radiation (300 Hz-300 GHz), including micro-
wave radiation, encompasses a broad range of frequencies interme-
diate between extremely low frequency (ELF) fields at the lower end
and infrared radiation at the upper end (Figure 1). Solar radiation
includes RFR, but at very low power densities, and exposure to RFR
is essentially a man-made phenomenon of the past century.3,10

Sources of exposure include cellular telephones, VHF and UHF
two-way radios, cordless phones, AM and FM radio, VHF and UHF
television, microwave ovens, magnetic resonance imaging systems,
video display terminals, anti-theft devices and security alarms, in-
duction heaters and heat sealers, radar and satellite communica-
tions.1,3,5,6,11 Cellular telephones operate within the 800 to 960 MHz
and 1.4 to 2.2 GHz bands, and portable radios operate in several
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bands, including 450 to 512 MHz.1,6,12 Frequencies from
806 to 890 MHz formerly were used for UHF TV chan-
nels 70 to 83.1

By way of comparison, the frequency of ultraviolet
radiation (UVR) is of the order of 1 to 10 million times
higher, and the frequencies of X- and g-radiations are
several orders of magnitude higher still (Figure 1).1 Be-
cause the energy of a photon of radiation is directly
proportional to its frequency, the enormous differences
in frequency imply similar, orders-of-magnitude varia-
tion in the energy of the radiation.1,10,13 Gamma-rays and
X-rays are sufficiently energetic to break chemical bonds
and ionize molecules. UVR does not ionize molecules
but is energetic enough to cause molecular excitations
resulting in structural changes in DNA that can lead to
mutations. RFR can induce molecular excitations result-
ing in tissue heating and, possibly, influence the electri-
cal environment of cells and behavior of free radicals,14

but it does not damage DNA directly.10,13,15

Notably missing from the paper by Stang et al. is any
consideration of occupational or recreational exposure
to UVR. Exposure to UVR is virtually universal, and
UVR is a generally accepted cause of cutaneous mela-
noma.16,17 Uveal melanoma is considerably less common
and less studied than cutaneous melanoma, and there are
differences in epidemiologic patterns that might reflect
differences in etiology.18 There are, however, notewor-
thy similarities as well, and associations between the
incidence of ocular melanoma and exposure to UVR
have been reported in several studies.19–24 Sailors, weld-
ers and farmers have been reported to be at high risk,
and all three groups are potentially exposed to intense or
prolonged UVR.21,25 Exposure to sun lamps and fluores-
cent lights also has been linked to increased risk, as has

a history of nonmelanoma skin cancer,22 a type of cancer
for which the association with UVR is not in dispute.
Intermittent, intense exposure, such as that associated
with sunburns, appears to be more important than
chronic or cumulative exposure, at least for some types
of melanoma, and occupational groups at highest risk are
not necessarily those who spend the most time out-
doors.16,22,26–28 Overall, the reverse seems to be true, with
a higher relative risk associated with indoor work than
outdoor work, and with higher rather than lower social
class.29,30

The likely etiologic importance of UVR has been
questioned on the grounds that little UVR penetrates
the cornea and lens to reach the choroid, where most
uveal melanomas arise.31,32 The lens, however, transmits
some long wavelength UVR in adults and a much higher
proportion of 300–400 nm UVR in children.10,33,34 It
also is possible that UVR carcinogenicity is mediated
through a systemic effect, such as on the immune sys-
tem.35–37 Although the role of UVR (or other forms of
solar radiation) in the etiology of ocular melanoma is an
unsettled issue, UVR is a stronger candidate, on a priori
grounds, than RFR or ELF and merits consideration as
part of a study concerning the risk of uveal melanoma
associated with “... occupational exposures to different
sources of electromagnetic radiation ...” [sic] [see
Abstract].

As with UVR, the depth of penetration of RFR in
tissue varies inversely with frequency.1,2,5,10 Very high
frequency RFR is absorbed almost entirely at the surface
of the skin, where it produces heating. Very low fre-
quency RFR penetrates tissue but does not cause heat-
ing; instead, it induces electric currents and fields. RFR
of the intermediate frequencies used by cellular phones

FIGURE 1. Electromagnetic spectrum. Reproduced from National Council on Radiation Protection and Measurements,
Bethesda, Maryland, 1993,1 with permission of the publisher.
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and portable radios is attenuated rapidly with passage
through tissue.6 The level of RFR reaching the highly
vascularized choroid would be insufficient to raise tem-
perature above background levels. The mechanism by
which non-thermal doses of RFR might cause cancer is
unknown. Neither ionizing radiation nor UVR serve as
a good model, as both of these established carcinogens
are genotoxic, and even brief exposures can pose a risk.
A variety of possible non-genotoxic, carcinogenic effects
of RFR have been hypothesized, many of which involve
potentiation of effects due to other agents.14

Stang et al. speculate that RF radiation might act as a
cancer promoter, by inhibiting melatonin production by
cells in the retina and ciliary body, which, in turn, might
remove a block to proliferation of potentially cancerous
cells. This parallels Stevens’38 hypothesis concerning
breast cancer and ELF fields. Nevertheless, exposure to
ELF fields was not associated with risk of uveal mela-
noma in the present study, nor was exposure to video
display terminals or radar. The authors do not explain
why they would expect RFR associated with use of
cellular phones or radio sets to be more effective in
suppressing melatonin secretion than ELF fields, visible
light, or low or high frequency RFR. The relative im-
portance of melatonin production in the eye (choroid)
versus in the pineal gland also is unclear. de Seze et al.39

did not observe evidence of altered melatonin levels in
circulating blood associated with use of cellular phones.

Speculation about possible mechanisms seems a bit
premature, given the limitations of the study and the
lack of corroborative evidence in the literature. The
authors note that their study was part of a much larger
effort to study risk factors for eight different cancer sites
and was not designed to address RFR exposures in par-
ticular; hence, the lack of a detailed RFR exposure
assessment. Intensity of exposure could not be addressed,
and there was no power for assessing either duration of
exposure or latency. The overall odds ratio of 3.0 asso-
ciated with use of radio sets or mobile phones was based
on a total of 16 exposed cases. Information was not
available concerning domestic use of cellular phones or
tumor laterality relative to side of phone use. There are
potentially important occupational exposures beyond
those considered.1,5,11,40 Swerdlow41 observed that “poor
measurement both diminishes the capability of studies to
determine whether there is an association of RF with
risk of disease and, if a raised risk is found, to judge
whether the association is causal.”

If Stang et al.’s hypothesis is correct, and use of a
cellular phone increases the risk of uveal melanoma
appreciably, then one would expect the incidence to
increase over time. Most informative would be data for
countries or regions with longer histories of widespread,
heavy cellular phone use. Unlike cutaneous melanoma,
the incidence of ocular melanoma remained relatively
stable during the latter half of the 20th century.18,42 If
there has been a recent increase due to use of cellular
phones, it is less likely to be mixed in with a longer term
secular trend due to some other factor.

At present, there is no strong reason to believe that
RFR causes cancer, but there is only a very limited
epidemiologic literature on which to base evaluations.
The extent of public exposure and concern requires that
the question be investigated further. Stang and col-
leagues raise the possibility that we should add a new
type of cancer to those already under leading consider-
ation as possible hazards of RFR, and it may well be that
future studies will support their hypothesis. At this
point, however, given the small size of their study, the
relatively crude exposure assessment, the absence of
attention to UVR exposure or other possible confound-
ing variables, and limited support in the literature, a
cautious interpretation of their results is indicated.

Peter D. Inskip
Radiation Epidemiology Branch
National Cancer Institute
Executive Plaza South, Room 7052
6120 Executive Boulevard
Rockville, MD 20852
(address for correspondence)
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Is Chemical Pollution Responsible for
Childhood Tumors?

In this issue of Epidemiology, two papers provide evi-
dence that chemical pollutants could be responsible for
some fraction of the occurrence of childhood leukemia1

and neuroblastoma.2 Childhood tumors are different
from adult onset cancers in several ways, one of which is
particularly challenging to epidemiologists: whereas for
several adult-onset tumors, epidemiology and prevention
have made substantially more contribution than treat-
ment, the opposite is true for childhood tumors. For
these neoplasms epidemiology and prevention have con-
tributed little, in striking contrast to the remarkable
therapeutic improvements during the last few decades
for many forms of childhood malignancies, notably for
childhood leukemia.3

Childhood Leukemia
The vast majority of childhood leukemia is acute

lymphoblastic leukemia, for which there is some evi-
dence that the incidence may be increasing slightly.4
Little is known about its etiology except that genetic
factors play a role5 and that ionizing radiation weights
more heavily in the etiology of acute lymphoblastic
leukemia than in that of most other malignancies.6,7

These causes, however, account for only a very small
fraction of cases of childhood leukemia. The hypothesis
that exposure to extremely low frequency electric and/or
magnetic fields is responsible for a large fraction of acute

lymphoblastic leukemia has only weak empirical sup-
port.8–11 Thus, the etiology of the large majority of
childhood leukemia remains unexplained. Two general
hypotheses have competed for the vacuum: one focuses
on viral infections, the other on chemical environmen-
tal exposures.

The central role that viruses play in leukemogenesis
in several animal species and the documentation of the
human T-cell leukemia/lymphoma virus in a very rare
form of leukemia have lead plausibility to the hypothesis
of viral leukemogenesis in children. On the other hand,
there has been no laboratory support for the hypothesis,
and several investigators have postulated that childhood
leukemia may be only a rare outcome of a common
infection in a background of low herd immunity.12–15 In
contrast, there is no theoretical undermining for a role of
chemical environmental pollution in the causation of
acute lymphoblastic leukemia, and this relation has not
been investigated through analytical, as opposed to eco-
logical designs.16 The paper by Infante-Rivard et al. in
this issue1 presents results for what may well be the most
sophisticated epidemiologic investigation to date of
acute lymphoblastic leukemia in relation to drinking
water contamination.

The study by Infante-Rivard et al.1 is a large popula-
tion-based case-control investigation that was under-
taken with an elaborate protocol to evaluate the relation
between childhood leukemia and drinking water con-
taminants, specifically total and selected trihalometh-
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anes, certain metals, and nitrates. The authors devel-
oped an exposure matrix on the basis of municipal and
provincial historical data and a tap water survey. None
of these sources was complete with respect to any of the
studied exposures, and imputations and occasionally ar-
bitrary choices were necessary. Nevertheless, it is hard to
think of a better design or a more satisfactory context for
such an investigation. The authors evaluated average
exposure level as well as cumulative exposure and they
have focused on both the pregnancy and the postnatal
period. They concluded that “the indications for an
association between childhood leukemia and disinfec-
tion by-products as well as some metals are not strong,
nor are they absent, in particular for postnatal exposure.”

Despite the expertise and the amount of work the
authors invested in this study, I do not agree completely
with their conclusion. In my opinion, the study provides
very little evidence for any association between the
studied exposures and childhood leukemia. The authors
report that there are no important differences with re-
spect to average values for any of the studied exposures
in either the prenatal or in the postnatal period. They
consider notable, however, the apparent excess risk for
acute lymphoblastic leukemia among children postna-
tally exposed to cumulative levels of total trihalometh-
anes, in particular, chloroform above the 95th percen-
tile, even though the increases are trivial; they relate to
a small proportion of children and they could even be
due to differences in duration of exposure, generated by
unavoidably suboptimal age-matching of cases and con-
trols. The authors also consider as noteworthy the excess
risk for acute lymphoblastic leukemia in relation to
cumulative zinc levels above the 95th percentile, even
though the evidence for carcinogenicity of zinc is gen-
erally minimal. Regardless of the interpretation, it is
clear that the evaluated contaminants of drinking water
can explain no more than a trivial fraction of the total
cases of acute lymphoblastic leukemia, and possibly none
at all.

Neuroblastoma
Neuroblastoma is a rare childhood tumor and yet it is

the most common tumor in the 1st year of life. It derives
from embryonal cells in the neural crest, and it arises in
the adrenal medulla or anywhere else in the sympathetic
chain. The disease appears to be less common in devel-
oping countries and among preterm babies. Neuroblas-
toma is accompanied by fever and weight loss; the phys-
ical examination reveals an abdominal mass. Diagnosis
relies on ultrasound, computerized tomography, excre-
tion of catecholamines in the urine and, eventually,
biopsy. The prognosis of the disease is good when the
tumor is detected before the first year but it is poor when
the tumor is detected later in life. The aberrant expres-
sion of the MYCN oncogene is considered a marker of
poor prognosis.

Few studies have evaluated the etiology of neuroblas-
toma. Exposure to pesticides was considered in some of

them17–21 and the collective evidence for an association
with neuroblastoma appears to be supportive but far from
conclusive. The study by Daniels and colleagues in this
issue2 is only the second in the literature that has relied on
specific information about pesticide exposure21 rather than
on indirect evidence based on paternal job title, family
residence or pesticide purchase records. The study was as
strong as any, but relies on random digit dialing. The
information about children’s exposure to pesticides was
elicited from the best possible source, the parents. The
results appear to support the hypothesis that pesticide ex-
posure increases the risk of neuroblastoma, but there are
some important concerns. It is disquieting that more pa-
rental pairs disagreed about exposure to pesticides than
agreed that there was indeed such an exposure; this was the
case even with respect to extermination, which should be
a memorable event. Moreover, information bias cannot be
easily discounted in this instance, since many view pesti-
cides with suspicion. Third, pesticides are a large and het-
erogeneous group, making it difficult to draw generalizable
inferences.

Both studies do not provide compelling evidence for a
causal link between the studied exposures and outcomes,
but they do not provide much comfort either. They are
important because they convey two essential messages: (1)
the population rates of childhood tumors attributable to
these exposures are unlikely to be high and may even be
zero and (2) in this particular field, it is difficult to envisage
studies more informative than these, unless susceptibility to
the exposures under consideration is differentially increased
or even limited to particular polymorphisms that need to be
evaluated simultaneously.

Eleni Petridou
Athens University Medical School
Department of Hygiene and Epidemiology
75. Mikras Asias Str, 115 27
Athens, Greece
E-mail: epetrid@cc.uoa.gr
(address for correspondence)

References
1. Infante-Rivard C, Olson E, Jacques L, Ayotte P. Drinking water contami-

nants and childhood leukemia. Epidemiology 2000;12:13–19.
2. Daniels JL, Olshan AF, Teschke K, Hertz-Picciotto I, Savitz DA, Blatt J,

Bondy ML, Neglia JP, Pollock BH, Cohn SL, Look AT, Seeger RC, Castle-
berry RP. Residential pesticide exposure and neuroblastoma. Epidemiology
2000;12:20–27.

3. La Vecchia C, Levi F, Lucchini F, Lagiou P, Trichopoulos D, Negri E.
Trends in childhood cancer mortality as indicators of the quality of medical
care in the developed world. Cancer 1998;83:2223–2227

4. Wang PP, Haines CS. Childhood and adolescent leukaemia in a North
American population. Int J Epidemiol 1995;24:1100–1109.

5. Crist WM, Pui C-H. The leukemias. In: Nelson Textbook of Pediatrics. 15th

Edition. Eds: Behrman RE, Kliegman RM, Arvin AM. Saunders Publica-
tions. 1996:1452–1455.

6. U.S. National Academy of Sciences Committee on Biological Effects of
Ionizing Radiation. Washington, DC: BEIR-V (U.S. N A.S.) 1990.

7. Petridou E, Trichopoulos D, Dessypris N, Flytzani V, Haidas S, Kalmanti M,
Koliouskas D, Kosmidis H, Piperopoulou F, Tzortzatou F. Infant leukaemia
after in utero exposure to radiation from Chernobyl. Nature 1996;382:352–
353.

8. Linet MS, Hatch EE, Kleinerman RA, Robison LL, Kaune WT, Friedman
DR, Severson RK, Haines CM, Hartsock CT, Niwa S, Wacholder S, Tarone
RE. Residential exposure to magnetic fields and acute lymphoblastic leuke-
mia in children. N Engl J Med 1997;337:1–7.

Epidemiology January 2001, Vol. 12 No. 1 RADIOFREQUENCY RADIATION AND CANCER 5



9. UK Childhood Cancer Study Investigators. Exposure to power-frequency
magnetic fields and the risk of childhood cancer. Lancet 1999;354:1925–
1931.

10. Repacholi MH, Albhom A. Link between electromagnetic fields and child-
hood cancer unresolved. Lancet 1999;354:1918–1919.

11. National Research Council. Possible health effects of exposure to residential
electric and magnetic fields. National Research Council, Washington: DC:
National Academy Press, 1996.

12. Kinlen LJ. Evidence for an infective cause of childhood leukaemia: compar-
ison of a Scottish new town with nuclear reprocessing sites in Britain. Lancet
1988;II:1323–1327.

13. MacMahon B. Is acute lymphoblastic leukemia in children virus-related?
Am J Epidemiol 1992;136:916–924.

14. Petridou E, Kassimos D, Kalmanti M, Kosmidou H, Haidas S, Flytzani V,
Tong D, Trichopoulos D. Age of exposure to infections and childhood
leukemia risk. BMJ 1993;307:774.

15. Greaves MF. Aetiology of acute leukemia. Lancet 1997;349:344–349.

16. Foster AM, Prentice AG, Copplestone JA, Cartwright RA, Ricketts C. The
distribution of leukaemia in association with domestic water quality in south
west England. Eur J Cancer Prevention 1997;6:11–19.

17. Kristensen P, Andersen A, Irgens LM, Bye AS, Sundhem L. Cancer in
offspring of parents engaged in agricultural activities in Norway: Inci-
dence and risk factors in the farm environment. Int J Cancer 1996;65:
39 –50.

18. Bunin GR, Ward E, Kramer S, Rhee CA, Meadows AT. Neuroblastoma and
parental occupation. Am J Epidemiol 1990;131:776–780.

19. Spitz MR, Johnson CC. Neuroblastoma and parental occupation. Am J
Epidemiol 1985;21:924–929.

20. Wilkins JR, Hundley VD. Paternal occupational exposure to electromag-
netic fields and neuroblastoma in offspring. Am J Epidemiol 1990;131:995–
1107.

21. Michaelis J, Haaf HG, Zollner J, Kaatsch P, Krummenauer F, Berthold F.
Case control study of neuroblastoma in West-Germany after the Chernobyl
accident. Klin Padiatr 1996;208:172–178.

6 Inskip Epidemiology January 2001, Vol. 12 No. 1


